Abstract Diet is generally believed to affect the aging process. The effects of complex foods on life span can be investigated using simple models that produce rapid results and allow the identification of food-gene interactions. Here, we show that 1 % lyophilized broccoli, added to flour as a dietary source, significantly increases the life span of the red flour beetle (Tribolium castaneum) under physiological conditions (32°C) and under heat stress (42°C). The beneficial effects of broccoli could also be reproduced by supplementing flour with the isothiocyanate sulforaphane at concentrations found in the broccoli-supplemented diet. We identified stress-resistant genes responsible for these effects on longevity by microinjecting pupae with double-stranded RNA to induce RNA interference (RNAi). The knockdown of transcripts encoding homologs of Nrf-2, Jnk-1 and Foxo-1 reduced the life span of beetles and abrogated the beneficial effects of broccoli, whereas the knockdown of Sirt-1 and Sirt-3 had no impact in either scenario. In conclusion, T. castaneum is a suitable model organism to investigate food-gene interactions that affect stress resistance and longevity, and RNAi can be used to identify functionally relevant genes. As a proof of principle, we have shown here that broccoli increases the longevity of beetles and mediates its effect through signaling pathways that include key stress-resistant factors such as Nrf-2, Jnk-1 and Foxo-1.
Introduction
A reduction in calorific food intake without malnutrition, described as caloric restriction or dietary restriction, has been widely accepted as an intervention to slow the process of aging (Fontana et al. 2010) . Increased longevity in response to caloric restriction has been observed in diverse organisms ranging from yeast to mice (Masoro 2005 ) and appears to extend to primates including humans Anderson and Weindruch 2012; Fontana and Klein 2007) . However, voluntary prolonged caloric restriction in humans is met with low compliance, so alternative strategies that support healthy aging are necessary. In this regard, it is important to identify dietary factors that promote health and longevity (Mattson 2008) .
A number of phytochemicals appear to promote longevity by inducing the expression of genes encoding cytoprotective proteins, such as chaperones or antioxidant enzymes (Mattson 2008) . Subtoxic doses of such phytochemicals, as achieved by the ingestion of plant-based foods by humans, generate mild stress that ultimately leads to an adaptive or hormetic response (Son et al. 2008) . For example, isothiocyanates (which are present at high levels in broccoli) activate Nrf-2, a transcription factor that induces genes with antioxidant response elements in their promoters, such as those encoding antioxidant proteins or phase II detoxifying enzymes (Dinkova-Kostova et al. 2002; McWalter et al. 2004) . Similarly, resveratrol (which is present at high levels in the skin of red grapes and in red wines) activates sirtuins, which are key factors mediating the effects of caloric restriction on hormesis and longevity (Chen and Guarente 2007; Frescas et al. 2005) . Accordingly, the effect of selected phytochemicals and caloric restriction appears to be integrated by inducing mild stress, and even in humans, it has been shown that blocking exercise-induced stress efficiently abolishes hormetic adaptations (Ristow et al. 2009 ).
The effects of dietary factors on aging and longevity can be investigated using simple models, which can also be used to determine the underlying mechanisms. However, classical models such as the nematode Caenorhabditis elegans are hampered by their eating habits, which prevent the standardized intake of complex foods. We therefore used the red flour beetle (Tribolium castaneum) to determine the effects of lyophilized broccoli, added to the normal flour diet at concentrations of 0.1-10 %, on survival and longevity under physiological conditions (32°C) and under heat stress (42°C). So far, Tribolium has been suggested more than 25 years ago to be a proper model to study age-related changes and parental age effects (Soliman 1987) or age-associated increase in oxygen sensitivity (Lee and Ducoff 1983) . Only one recent study has picked up this knowledge to demonstrate that genotype-by-environment interactions may be important in facilitating adaptation to new environments and maintaining genetic variation in male traits (Lewis et al. 2012) .
We here also used RNA interference (RNAi) to investigate the relevance of different stress-response genes in the context of broccoli-mediated longevity under heat stress. Since the T. castaneum genome has been fully sequenced (Richards et al. 2008) , we were able to construct PCRamplified cDNAs with T7 extensions to allow the synthesis of dsRNA for microinjection by in vitro transcription.
Methods

Tribolium castaneum strains and maintenance
Wild-type Tribolium castaneum strain San Bernardino and GFP recombinant strain Pig-19 (Lorenzen et al. 2003) were reared in darkness on a whole-grain flour diet supplemented with 5 % yeast powder (basal medium) on glass Petri dishes (20 cm diameter) at 32°C and 70 % relative humidity, as described elsewhere (Altincicek et al. 2008 ).
Broccoli supplements
Fresh broccoli florets (Brassica oleracea) were cut into small pieces and lyophilized overnight and then ground to fine powder using a mortar and pestle. We mixed 1-100 mg of powder with enough basal medium to make the total weight up to 1 g, resulting in final concentrations of 0.1-10 % (w/w). The medium was mixed thoroughly to ensure an even distribution of the vegetable powder.
The same procedure was used to spike the feed with isolated isothiocyanates (Sigma, Deisenhofen, Germany) except that the fine chemicals were first dissolved in 70 % ethanol to make 0.2-20 lg/ml stocks, 5 ml of which was pipetted onto 6-cm Petri dishes loaded with 1 g basal medium to achieve final concentrations of 0.0001-0.01 % (w/w). The liquid was allowed to evaporate overnight under a laminar flow hood and then ground to fine powder using a mortar and pestle. Control plates were treated with 70 % ethanol only.
Measurements of food intake
Beetles were starved for 6 h before 30 beetles per group were randomly assigned to feed on one of the broccoli concentrations during 2, 4 or 6 h either at 32°C or at 42°C, after which individuals were frozen at -18°C. Food intake was determined by measuring the wet weight of 5 individuals on a microbalance with 6 replicates per concentration per species.
Life span determination
Synchronized adult beetles were obtained by distributing 30 pupae per plate (two plates per condition) on Petri dishes (92 mm diameter) containing the basal medium (control) or basal media supplemented either with broccoli or with isothiocyanates. Pupae were hatched completely after 4 days, and beetles remained on the plates thereafter at 32°C and 70 % humidity. Beetles were transferred to freshly prepared media every 14 days and scored for dead beetles directly before the media changes.
For the thermotolerance assay, beetles were hatched and treated as described above. Media changes were done here every 7 days. After 14 days of feeding at 32°C, beetles were transferred to an incubator at 42°C at 70 % humidity, and henceforward, surviving animals were scored every 12 h.
Bacterial strains and GFP cloning
Feeding with dsRNA-expressing bacteria is a standard protocol to achieve RNAi in C. elegans. Accordingly, we evaluated the efficiency of this method in T. castaneum by constructing an E. coli clone expressing GFP dsRNA to achieve GFP knockdown in the GFP-expressing T. castaneum strain Pig-19. The GFP-coding sequence from pPD95 75 (Addgene, Cambridge, UK) was inserted into the pGEM-T-easy vector (Promega, Mannheim, Germany) using the BamHI and ApaI sites and introduced into E. coli strain TOP 10F' (Invitrogen, Karlsruhe, Germany). A 225-bp insert was then transferred to vector L4440 (MRC GeneService Ltd., Cambridge, UK) and introduced into E. coli strain HT115 (DE3). The integrity of the construct was verified by custom sequencing with M13 and T7 sequencing primers (JLU, Microbiology Institute, Gießen, Germany). The expression of gene-specific dsRNAs was induced with 1 mM isopropyl-b-D-thiogalactopyranoside (Sigma, Deisenhofen, Germany) for 1 h at 37°C to trigger interference. The bacterial cells were then washed and 5 9 10 8 bacterial cells were mixed with 1 g of the basal flour medium after 1 h desiccation at 37°C or after lyophilization.
Generation of gene-specific RNAi constructs
Total RNA was prepared by grinding 200 beetles under liquid nitrogen in a mortar and using 200 mg of powder for RNA extraction with the Roti-Quick kit (Roth, Karlsruhe, Germany) according to the manufacturer's instructions. We reverse transcribed 2 lg of total RNA (1 h at 37°C) using the M-MLV Reverse Transcription kit (Promega, Mannheim, Germany) and gene-specific reverse primers for nrf-2 (Tc-nrf-2-B3356, accession number XM_963549; 5 0 -GCT ACA CAT TCA CAG GGA TAC-3 0 ), jnk-1 (Tc-jnk-1-B1172, accession number XM_969870; 5 0 -TAC CGC ATT GAA TCC GTC C-3 0 ), foxo-1 (Tc-foxo-1-B1353, accession number XM_970107; 5 0 -ACT TCC CTC CAT ACT CAA CTC-3 0 ); sirt-1 (Tc-sirt-1-B726, accession number XM_961975; 5 0 -CGC CAG TCG AAC GTA AAT CCC-3 0 ) and sirt-3 (Tc-sirt-3-B600, accession number XM_963962; 5 0 -CCT ACA CGC TAA ACA ATG TCC CG-3 0 ). The number in each primer name corresponds to its annealing position within the corresponding cDNA.
A 2-ll aliquot from each reverse transcription reaction was then used for PCR amplification with REDTaq DNA Polymerase (Sigma, Deisenhofen, Germany) and genespecific primers containing a flanking T7 promoter sequence (5 0 -TAA TAC GAC TCA CTA TAG GG-3 0 ) represented in the following sequences as 'T7 0 . The primers for nrf-2 were Tc-nrf-2-F2587-T7 (5 0 -T7-TCG CCG TAC CAA TACAGT C-3 0 ) and Tc-nrf-2-B3091-T7 (5 0 -T7-GTC AGT CAC TCG CAT TCA TC-3 0 ). Those for jnk-1 were Tc-jnk-1-F179-T7 (5 0 -T7-ATG TGA CGC ACG CTA AAA G-3 0 ) and Tc-jnk-1-B835-T7 (5 0 -T7-AGG GAA ACA GCA CAT CGG G-3 0 ). Those for foxo-1 were Tc-foxo-1-F756-T7 (5 0 -T7-CAC CAC TCC TAG TCC TAG TTC-3 0 ) and Tc-foxo-1-B1095 (5 0 -T7-ATG CGG ATA CGA AGG CGA C-3 0 ). Those for sirt-1 were Tc-sirt-1-F221-T7 (5 0 -T7-AGA CCT CAC CTC ACA CTG ACC-3 0 ) and Tc-sirt-1-B676-T7 (5 0 -T7-ACG AAA CAG AGA CTC CAG CGC C-3 0 ). And those for sirt-3 were Tc-sirt-3-F52-T7
(5 0 -T7-CCA GAA GCA CAG TCG GAG GAA G-3 0 ) and Tcsirt-3-B587-T7 (5 0 -T7-CAA TGT CCC GTG TAA AAA GTG CC-3 0 ). Amplifications were carried out using a Thermocycler Primus 25 (peqlab, Erlangen, Germany) and each reaction comprised an initial denaturation at 94°C for 2 min followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C (cycles 1-5), 60°C (cycles 6-10) or 65°C (cycles 11-35) for 30 s and extension at 72°C for 90 s followed by a final elongation at 72°C for 10 min. PCR products were verified by agarose gel electrophoresis and inserted into vector pCR-2.1 using the TOPO-TAcloning kit (Invitrogen, Karlsruhe, Germany). Constructs were introduced into E. coli strain TOP10F' (included in the kit), and their integrity was verified by reamplification and sequencing.
dsRNA synthesis and injection Gene-specific DNA templates in the pCR-2.1 vector were amplified by PCR using 10 ng of the gene-specific RNAi plasmid and corresponding primer pairs as listed above. A fragment of the Galleria mellonella insect metalloproteinase inhibitor (IMPI) gene was amplified as a control using primers 5 0 -T7-AGA CGG TGG AGC CTG CGA TAA TG-3 0 and 5 0 -T7-AGA CGA CGG TGG AGG GGA GTC AA-3 0 . PCR products were purified with the MinElute PCR Purification Kit (Qiagen, Hilden, Germany), and 1 lg of purified template DNA was used to produce dsRNA by in vitro transcription using the MEGAscript Ò RNAi kit (Ambion, Austin, USA) according to the manufacturer's instructions. RNA concentration was determined by spectrophotometry using the Nanodrop ND-1000 (peqlab, Erlangen, Germany), and RNA integrity was monitored by 1.4 % denaturing agarose gel electrophoresis.
For RNAi experiments, approximately 0.1 lg of the indicated dsRNA (1 lg/ll) was injected laterally between abdominal segments 3 and 4 into pupae by using a nanoliter 2000 microinjector (WPI, Sarasota, USA). After injection, pupae were transferred to 6-cm Petri dishes containing basal medium with or without supplements.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was extracted from 80 beetles per group using Trizol reagent (Invitrogen). One-step real-time RT-PCR was carried out in triplicate using 1 ll of RNA template, the Brilliant II SYBR Green 1-step Q-RT-PCR-Kit and appropriate primers in a CFX 96 Real-Time PCR Detection System (BioRad, München, Germany). Changes in the target gene expression were calculated according to Pfaffl (2001) change in the target gene was normalized to rpS18 RNA and was expressed in relation to control gene expression. To determine RNAi efficiency, unique primer pairs recognizing only cDNA derived from endogenous mRNA were designed to avoid cross-reaction between genomic DNA and the recombinant dsRNA. The primers for rpS18 were Tc-rpS18-F100 (5 0 -GCA AAG TCA TGT TTG CCC TCA C-3 0 ) and Tc-rpS18-B226 (5 0 -TTC TCG ACC TCT TCG TCG GAA C-3 0 ), those for nrf-2 were Tc-nrf-2-F1420 (5 0 -CAG CAC AAC CAT ACG TAC CAC C-3 0 ) and Tc-nrf-2-B1524 (5 0 -CAA ATG CTC CTC GTC ACC CTT C-3 0 ), those for jnk-1 were Tc-jnk-1-F25 (5 0 -ACC GTT GAG GTG GGC GAC AC-3 0 ) and Tc-jnk-1-B201 (5 0 -CGC CCT TTT AGC GTG CGT CA-3 0 ), those for foxo-1 were Tc-foxo-1-F109 (5 0 -CCC AAC GAA GAG GGC AAC AAG TGC-3 0 ) and Tc-foxo-1-B217 (5 0 -GGT TGC CCC AGG CGT TCC GT-3 0 ), those for sirt-1 were Tc-sirt-1-F903 (5 0 -TCG GGA GCC TTT ACC GCA TTG-3 0 ) and Tc-sirt-1-B1008 (5 0 -GCC TTC CTT CCA AAC ACC GCC A-3 0 ) and those for sirt-3 were Tc-sirt-3-F190 (5 0 -TCC TGG GCT CGT CTT TAG TTG TCC-3 0 ) and Tc-sirt-3-B5378 (5 0 -CCC CAA TCC ACG CAA CAT CCC G-3 0 ). Relative mRNA levels compared to the control (imagos injected with IMPI dsRNA) were estimated in dsRNAinjected imagos after feeding with the control medium over 14 days at 32°C and were 0.21 ± 0.03 (p \ 0.05) for nrf-2, 0.33 ± 0.06 (p \ 0.05) for jnk-1, 0.10 ± 0.02 (p \ 0.01) for foxo-1, 0.09 ± 0.04 (p \ 0.01) for sirt-1 and 0.16 ± 0.04 (p \ 0.01) for sirt-3.
Microscopic analysis
Beetles were analyzed using a MZ16F fluorescence stereomicroscope (Leica Microsystems, Wetzlar, Germany) equipped with DFC300FX Leica fluorescence camera. Beetles were fixed dorsally onto adhesive foil after folding the wings to allow the detection of muscle tissue fluorescence. Digital images were recorded using the Leica Application Suite software v2.8.1.
Statistical analysis
Statistical analysis was performed with GraphPad Prism software (v5.01, GraphPad, La Jolla, CA, USA) to present the longevity data as Kaplan-Meier survival curves. Survival curves were compared using the log-rank test with a significance threshold of p \ 0.05. Maximum life spans were determined as the average age of the oldest decile of surviving subjects. For statistical analysis of differences between two groups, a Student's unpaired t test was used. For each variable, at least 3 independent experiments were carried out.
Results
Beetles were fed on a standard flour diet supplemented with 0.1, 1, 5 or 10 % lyophilized broccoli for 2 weeks and were tested against controls fed on a non-supplemented diet in a humidified chamber at 42°C. Under these conditions, the life span of beetles is considerably shorter than at 32°C and the experiments are therefore completed more rapidly (Fig. 1) . We found that the inclusion of broccoli increased the longevity of the beetles under heat-stress conditions, with the most pronounced effects observed when the diet contained 1 % (Fig. 1b) and 5 % (Fig. 1c) broccoli. The inclusion of 1 % broccoli increased the average life span by 30.8 ± 2.7 % and the maximum life span by 32.7 ± 3.5 % (p \ 0.01) (Fig. 1b) , whereas the inclusion of 5 % broccoli increased the average life span by 24.7 ± 3.1 % and the maximum life span by 21.8 ± 1.7 % (p \ 0.01) (Fig. 1c) . Food intake was neither affected at 32°C (Fig. 2a) nor at 42°C (Fig. 2b) by the supplementation of 0.1 % or 10 % broccoli to the diet when fed over 2, 4, or 6 h, demonstrating that neither life span-extending nor reducing effects of broccoli were due to altered food intake.
Having established the positive impact of broccoli in the rapid thermotolerance assay, we also tested the effect of 1 % broccoli on the longevity of beetles raised under normal physiological conditions (32°C). We found that the life span curves matched those recorded under heat-stress conditions with regard to log-rank calculated differences and also with regard to maximal life span (p \ 0.01), that is, broccoli also increased longevity in the absence of stress (Fig. 3) .
The health-promoting characteristics of cruciferous vegetables have been attributed to the presence of isothiocyanates, so we tested the impact of major isothiocyanate compounds on the longevity of beetles by including the chemicals in the flour diet at the same concentrations found in the 5 % lyophilized broccoli supplement. As shown in Fig. 4a , 0.01 % sulforaphane increased the life span, including the maximal life span of beetles significantly under heat-stress conditions (p \ 0.01), although lower concentrations (5-, 10-and 100-fold reductions) had no impact (data not shown). Similarly, 0.01 % phenylisothiocyanate increased the life span of beetles significantly under heat-stress conditions (p \ 0.01, data not shown), although there was no effect at lower concentrations of 0.001 %, representing phenylisothiocyanate contents in the 5 % broccoli diet (Fig. 4b) . Allylisothiocyanate had no significant impact on longevity at 0.01 % (data not shown) or at lower concentrations representing its contents in the 5 % broccoli diet (Fig. 4c) .
We used RNAi to identify the T. castaneum genes controlling longevity in response to broccoli and its isothiocyanates. To test the efficiency of dsRNA administered in different ways, we used T. castaneum strain Pig-19, which expresses green fluorescent protein (GFP) in muscle tissue (Fig. 5 ). Feeding beetles with (GFP-)RNAiinducing bacteria, which is an effective strategy in C. elegans, did not reduce muscle fluorescence regardless of whether the bacteria were living (Fig. 5b) or lyophilized (Fig. 5c ). Feeding beetles with in vitro transcribed dsRNA also had no effect on fluorescence (Fig. 5d) . The microinjection of in vitro transcribed dsRNA into imagos caused a significant reduction in fluorescence (Fig. 5e ), but by far the most effective strategy was the injection of dsRNA into pupae (Fig. 5f ). This strategy was therefore chosen for the knockdown of candidate stress-response genes.
Isothiocyanates and particularly sulforaphane are potent phase II-inducing agents, so we investigated the hypothesis Fig. 1 Broccoli enhances the longevity of T. castaneum under heat-stress conditions. KaplanMeier survival curves demonstrate the increased longevity of beetles fed on a broccoli-supplemented diet and then exposed to heat stress (42°C) compared to beetles fed on a control diet. Beetles were fed for 2 weeks on flour containing 0.1 % (a), 1 % (b), 5 % (c) or 10 % (d) of lyophilized broccoli. A log-rank (Mantel-Cox) test was used to determine the significance of differences between the survival curves. *p \ 0.05; ***p \ 0.001. All experiments have been repeated more than once with similar effects Fig. 2 Broccoli does not affect food intake. Beetles were starved for 6 h before they were fed on flour alone or supplemented with 0.1 or 10 % broccoli or in the absence of food (control) either at 32°C (a) or 42°C (b). After 2, 4 or 6 h individuals were frozen at -18°C, and food intake was determined by measuring the wet weight of 10 pooled individuals per setting on a microbalance with 8 replicates per broccoli concentration and time point. ***p \ 0.001 for beetles fed on flour ± broccoli versus beetles in the absence of food Fig. 3 Broccoli enhances the longevity of T. castaneum under normal physiological conditions. Kaplan-Meier survival curves demonstrate the increased longevity of beetles fed on a broccolisupplemented diet when reared at a normal physiological temperature (32°C) compared to beetles fed on a control diet. Beetles were reared on flour supplemented with 1 % lyophilized broccoli from the young adult stage onwards. **p \ 0.01 Genes Nutr (2013) 8:439-448 443 that broccoli and its high levels of isothiocyanates promote longevity by inducing xenobiotic metabolism and excretion. Accordingly, we targeted a beetle gene homologous to nrf-2, which encodes a key transcription factor required for the induction of phase II metabolism in mammalian cells. We found that reducing the abundance of nrf-2 transcripts by RNAi not only reduced the longevity of beetles under heat-stress conditions but also completely blocked the increase in longevity promoted by broccoli (Fig. 6a) . We obtained similar results for the stress-activated kinase Jnk-1 (Fig. 6b ) and the transcription factor Foxo-1 (Fig. 6c) , which plays an important role in the regulation of adipogenesis, gluconeogenesis and glycogenolysis. In contrast, we found that the suppression of two sirtuin homologs (designated sirt-1 and sirt-3 based on their similarity to genes in other species) had no effect on longevity under heat-stress conditions and did not interfere with the beneficial effects of broccoli (Fig. 6d, e) .
Discussion
Food habits play an important role in life expectancy, and the most effective and standardized intervention discovered thus far is caloric restriction. This involves reducing the energy intake from food by approximately 30 % without limiting the supply of micronutrients and has been shown to slow the aging process in organisms as diverse as yeasts and primates (Colman et al. 2009 ). In humans, it is difficult to achieve compliance with caloric restriction in parts of the world where food is plentiful and access unlimited (Popkin et al. 2012) . Researchers have therefore sought to identify compounds that activate the signaling pathways mediating the effects of caloric restriction to increase longevity without dietary restrictions (Howitz et al. 2003; Wood et al. 2004) . Relevant pathways include those regulated by sirtuins (NAD ? -dependent deacetylases related to the yeast protein Sir2) which mediate several effects of caloric restriction (Cantó and Auwerx 2009; Qiu et al. Fig. 4 The effect of selected isothiocyanates on the survival of T. castaneum at 42°C, based on their concentration in a normal diet supplemented with 5 % lyophilized broccoli. The concentrations were set to 0.01 % sulforaphane (a), 0.001 % phenylethylisothiocyanate (b) and 0.001 % allylisothiocyanate (c). **p \ 0.01 2010). Potent activators of sirtuins include resveratrol and fisetin, both found in red grapes and red wine, and quercetin, which is found in onions and apple skins (Howitz et al. 2003) . Diets containing foods rich in these beneficial compounds are likely to achieve positive effects in humans, since, for example, resveratrol has already been shown to induce metabolic changes in obese individuals by mimicking the effects of caloric restriction (Timmers et al. 2011) . However, it is difficult to assess the benefits of dietary interventions directly in humans under experimentally rigorous and ethical conditions, so inferences are drawn from indirect parameters that affect the human life span. For example, studies have shown that certain diets enriched in cholesterol accelerate the progression of cardiovascular disease, whereas diets rich in fruits and vegetables have the opposite effect. However, it is unclear whether these foods affect the age-related diseases specifically or the underlying aging process itself (Everitt et al. 2006) .
These challenges can be addressed by developing simple experimental models that allow the impact of gene-food interactions on the aging process to be investigated within a convenient time frame. The most promising foods and active compounds can then be used as a basis to verify which are most efficient in more complex models. However, simple models such as C. elegans are limited because these organisms do not select and consume food in the same manner as humans, which means investigations are usually restricted to artificial diets spiked with single compounds rather than more complex foods. Based on our experiments, we propose the red flour beetle T. castaneum as a model organism for the investigation of gene-food interactions and their relevance in terms of stress resistance and aging. These beetles are advantageous first because they normally ingest dry flour, which means it is possible to mix flour with additional whole foods as long as the samples are lyophilized and second because the entire genome sequence is available (Richards et al. 2008) , which makes it possible to use RNAi to test the roles of different genes and signaling pathways in stress resistance and aging. We found that feeding the beetles on a flour diet supplemented with lyophilized broccoli increased their life span both under physiological conditions (32°C) and under heat-stress conditions (42°C), with the greatest benefit achieved using 1-5 % broccoli. It cannot be predicted so far whether life span extensions observed at 32 and 42°C are due to the same adaptations in response to broccoli feeding. Studies from other simple models, however, point to an important role of stress resistance in the determination of life span for cells and organisms (Calabrese et al. 2011; Rattan 2004) . The health effects of broccoli have been investigated in humans, but as stated above it has only been possible to consider indirect parameters, such as protection against cancer and diabetes. These studies have suggested that the protective effects result from the abundance of glucosinolate degradation products (such as the isothiocyanate compound sulforaphane) which appear to activate the Nrf-2-mediated induction of phase II detoxification enzymes that prevent oxidative damage and promote the removal of carcinogens (Juge et al. 2007 ). Indeed, the elevated expression of the transcription factor Nrf-2 can be regarded as an adaptive cellular stress response (Mattson 2008) . When the stress stimulus is mild, the adaptive response may overcompensate for the stress and induce a state known as hormesis, in which the organism is protected from even normal or background levels of cellular damage that would accumulate in non-stressed individuals and contribute to the aging process (Kouda and Iki 2010) .
Based on the above data and on previous reports showing that stress-response pathways are conserved between T. castaneum and mammals (Altincicek et al. 2008; Freitak et al. 2012; Knorr and Vilcinskas 2001) , we proposed the hypothesis that similar mechanisms were responsible for the increased longevity of beetles fed on a broccoli-supplemented diet. Broccoli contains a maximum content of 10 lmol glucoraphanin per gram of dry mass, and this is converted into sulforaphane by the enzyme myrosinase (Kushad et al. 1999) . The molecular weight of sulforaphane is 177.3; therefore, the concentration of the myrosinase-released sulforaphane in a flour diet supplemented with 5 % lyophilized broccoli (the maximum concentration promoting a highly significant increase in longevity) was estimated at 0.01 %. Accordingly, we found that the longevity of beetles fed on a flour diet artificially spiked with 0.01 % sulforaphane was also increased significantly at 42°C. It is unlikely that sulforaphane alone is responsible for the antigeric effects of broccoli because diets spiked with a fivefold lower concentration (0.002 %) had no significant impact on beetle life span, whereas longevity increased significantly in beetles fed on diets supplemented with 1 % broccoli (which contains the equivalent amount of sulforaphane). We tested two further isothiocyanates (phenylethylisothiocyanate and allylisothiocyanate) based on the abundance of the corresponding glucosinolates in broccoli florets (Kushad et al. 1999) . We found that both were present at a maximum concentration of 0.001 % in the 5 % broccoli diet and that neither affected longevity at this concentration (although diets spiked with 0.1 % phenylethylisothiocyanate did promote longevity). We therefore conclude that neither of these isothiocyanates is responsible for the increased longevity induced by broccoli.
We investigated the molecular mechanisms underlying the antigeric effects of broccoli by RNAi, which can be achieved in a wide range of insects by the injection of dsRNA (Price and Gatehouse 2008) . RNAi can also be induced in insects by feeding them with dsRNA (a technique pioneered in C. elegans) but the efficiency of this strategy varies widely depending on the species (Price and Gatehouse 2008) . We found that RNAi in T. castaneum was most efficient when dsRNA was injected into the pupae, as previously shown with Rhodnius prolixus (Araujo et al. 2006) .
We initially targeted the T. castaneum Nrf-2 ortholog based on its key role in other species (Juge et al. 2007; Mattson 2008) . We found that the knockdown of nrf-2 mRNA reduced the life span of insects in the thermotolerance test compared to untreated controls and completely abrogated the life span-increasing effects of broccoli. Nrf-2 therefore appears to be a key mediator of stress adaptation, longevity and hormesis in the red flour beetle. Likewise, knocking down the stress-activated kinase Jnk-1 or the forkhead transcription factor Foxo-1 also reduced the life span of beetles and abolished any beneficial effects of broccoli. Although there has been no direct evidence to show Nrf-2 regulates longevity, a cooperative interaction between Jnk-1 and Foxo-1 was previously shown to affect longevity in C. elegans (Oh et al. 2005) . In so far, the genes identified to mediate the extension of survival due to broccoli feeding could be allocated to the so-called vitagenes, which are involved in preserving cellular homeostasis during stressful conditions (Calabrese et al. 2010 (Calabrese et al. , 2012 . Nrfs and related pathways have been demonstrated in that context to integrate adaptive stress responses in the prevention of neurodegenerative diseases (Calabrese et al. 2010 (Calabrese et al. , 2012 .
The ability of caloric restriction and certain plant secondary products to promote longevity and stress tolerance is mediated by sirtuins in C. elegans (Pietsch et al. 2011 ). We therefore identified sirtuin genes in the T. castaneum genome (designated sirt-1 and sirt-3 based on their closest relatives in other species) and carried out further RNAi experiments to suppress their activity. Interestingly, we found that in neither case was the longevity of beetles affected nor was there any impact on the life spanextending effects of broccoli. This indicates that individual T. castaneum sirtuins are not required to mediate the heatstress resistance and greater longevity induced by the consumption of broccoli.
In conclusion, the red flour beetle T. castaneum represents a valid model to address the interactions between genetic and environmental factors (such as diet) that contribute to stress tolerance and longevity. We have shown that Jnk-1 and Foxo-1, which have been associated with antigeric effects in C. elegans, are necessary for the increased longevity of beetles fed on diets supplemented with broccoli. Moreover, the transcription factor Nrf-2, which increases stress resistance by inducing detoxification, was identified as a key regulator of longevity in beetles. The compounds and genes identified in our studies can now be investigated in more detail using more complex models.
